INTRODUCTION {#s1}
============

With the increasing use of genome-wide association studies (GWAS), the number of single nucleotide polymorphisms (SNPs) associated with disease or intermediate phenotypes is rapidly mounting ([@DDQ308C1]). Despite this increase in signals of association, the discovery of the functional changes responsible for those signals is still a laborious and slow task. The discrepancy between the two is predominantly attributable to two factors: linkage disequilibrium (LD) between SNPs and the location of many of the SNPs in non-coding regions. LD, the violation of statistical independence between genetic loci, causes all SNPs in LD with the functional locus to carry some, or all, of the association with the trait of interest even if they have no relevant function. The second problem is that although we can, with some accuracy, predict the effect that a SNP will have on an amino acid change and thus protein function, it is becoming clear that the majority of genetic markers associated with traits or disease are present in non-coding regions and are therefore likely to affect gene regulation or pre-mRNA splicing or mRNA stability, rather than protein function ([@DDQ308C2]). To achieve the goal of using genetics in disease prevention and treatment, it is important to identify these functional genetic variants, which will help disentangle the complexity evident in common diseases and allow the development of new targeted medication.

Coronary heart disease (CHD) is a complex disease that develops as a result of both environmental and genetic contributing factors. Elevated triglyceride (TG) levels in blood has been shown to be an epidemiological risk factors for CHD, where it is suggested that it increases the development of atherosclerosis, by promoting the production of pro-atherogenic small dense LDL particles ([@DDQ308C3]). The risk associated with a 1 mmol difference in TG levels is 1.32 (1.26--1.39) in men and 1.72 (1.5--2.07) in women ([@DDQ308C4]). Recently, several GWAS reported associations of TG with a number of loci ([@DDQ308C5]--[@DDQ308C9]), including the lipoprotein lipase gene (*LPL*), a 'candidate' gene that has previously demonstrated a strong and consistent association with TG levels and with CHD risk in prospective and case--control studies ([@DDQ308C10]). LPL is primarily expressed in adipose tissues and muscle, where, attached to the capillary endothelium, it hydrolyses TG-rich lipoprotein particles, although expression also occurs in the heart, liver, lungs, nervous system, macrophages and pancreatic islet cells ([@DDQ308C11]). LPL functions as a homodimer and catalyses the rate-limiting step in TG hydrolysis and also acts as a ligand/bridging factor for the receptor-mediated uptake of lipoproteins ([@DDQ308C12]). Severe mutations that result in LPL deficiency lead to familial hyperchylomicronaemia ([@DDQ308C13]), whereas common non-synonymous variants rs1801177 (D9N) and rs328 (S447X) have been consistently associated with higher and lower risk of CHD, respectively ([@DDQ308C10]). Recent GWAS on lipoprotein phenotypes identified several *LPL* variants associated with effects on TG levels: rs10096633 ([@DDQ308C5]), rs12678919 ([@DDQ308C6]), rs17482753 ([@DDQ308C7]), rs17410914 ([@DDQ308C8]), rs6993414 ([@DDQ308C9]) and rs328 ([@DDQ308C14]). However, LD between neighbouring SNPs, insufficient coverage of the locus and the use of univariate statistical methods hinder the identification of the true functional change.

Here, using *LPL* and its association with TG as an example, we present statistical and laboratory procedures to identify candidate functional SNPs from dense tagging SNPs (tSNPs). We give examples of statistical tests available for the analysis of association between SNPs and continuous variables. Popular model selection criteria are calculated for the data and their results are compared, while haplotypes are used both as mediators of association and as an additional method of model selection. Having determined the SNPs with the highest likelihood of marking a functional variant, all SNPs in strong LD with these were examined for functional effects. Electrophoretic mobility shift assays (EMSAs) were carried out on these variant sequences, and those SNPs that showed differences in EMSA were further examined in reporter gene expression studies. For the SNPs that also demonstrated expression differences, the identification of potential DNA-binding factors mediating this effect was carried out using multiplexed-competitor EMSAs (MC-EMSAs) and supershift EMSAs.

RESULTS {#s2}
=======

Table [1](#DDQ308TB1){ref-type="table"} shows the basic characteristics of the genotyped subjects as well as a summary of all six TG measures available. From the 22 SNPs successfully genotyped in *LPL*, four SNPs were out of Hardy--Weinberg equilibrium (HWE). For two SNPs, rs1800590 and *LPL*-95, this was strongly significant (*P* \< 0.0001 for both) and they were subsequently dropped from the analysis, whereas rs3779788 and rs7016529 were retained, being only moderately out of HWE (*P* = 0.0187 and 0.0018, respectively). Of the remaining 20 SNPs, 14 were significantly associated with levels of TG. Estimates of effect size both as beta coefficients and *R*^2^, together with levels of TG per genotype can be seen in Table [2](#DDQ308TB2){ref-type="table"}, and the results of alternative strategies for statistical analysis are shown in the [Supplementary Material](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1). To resolve problems due to rare alleles, a permutational test of 10 000 repeats was also run with the results shown in [Supplementary Material, Table S2](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1). Adjustment for age and practice centre did not materially change the statistical significance of the results ([Supplementary Material, Table S2](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)). Table 1.Characteristics of the NPHSII men with complete genotype data. All six measures of TG are shown for baseline and five annual visitsVariableObservationsMeanSDAge (years)238555.903.37BMI (kg/m^2^)238226.483.47Total cholesterol (mmol/l)23705.741.00LDL-cholesterol (mmol/l)20683.081.00HDL-cholesterol (mmol/l)20541.720.59Baseline TGs (mmol/l)23722.071.25TGs phase 1 (mmol/l)22041.981.14TGs phase 2 (mmol/l)20971.971.17TGs phase 3 (mmol/l)20231.971.19TGs phase 4 (mmol/l)18052.121.21TGs phase 5 (mmol/l)16892.151.22TGs mean (mmol/l)23832.051.04Log TGs mean (log(mmol/l))23830.610.45 Table 2.Means and SDs of genotype distribution and TG for the 20 genotyped *LPL* SNPs. Beta coefficients and *R*^2^of the additive model for log mean of TG together with the observed counts, means, SDs and *P*-values for the 20 successfully genotyped *LPL* SNPs for each SNP of *LPL*. SNPs ordered by chromosome positionSNP rs numberBeta coefficient^a^*R*^2^Common/rare alleleCommon homozygoteHeterozygoteRare homozygote*P*-valueHW equilibrium*n*Mean TG levelsSD*n*Mean TG levelsSD*n*Mean TG levelsSDrs174105770.041\*0.0009G/C15471.9940.9457282.1451.1731052.1501.3160.01030.0999rs1534649−0.0150.0028G/T7372.0620.99411452.0581.0854961.9990.9980.23220.1691rs3779788−0.073\*\*\*0.0006C/T16932.1031.0936481.9100.886401.9070.8370.00010.0187\*rs70165290.103\*0.0065T/C23102.041.038702.3021.08831.8930.4910.03950.0018\*\*rs11219230.0160.0018G/A22472.0491.0511332.0170.82731.9760.0530.66650.4800rs248−0.049\*0.0001G/A20352.0681.0663371.9210.852112.0131.0150.04690.4612rs249−0.0250.0017A/G20202.0591.0463521.9791.006112.1090.7340.30200.2910rs253−0.032\*0.0004C/T7252.1081.04811642.0501.0784891.9490.9250.01290.5677rs264−0.082\*\*\*\*0.0026G/A17072.1121.0956301.8840.860451.9020.923\<0.00010.1683rs2680.127\*\*0.0084T/C22842.0341.031972.3791.17721.3360.7770.00450.3575rs2700.0220.0034G/T17112.0170.9655982.1461.242671.9640.8670.20900.0973rs2830.0300.0007C/T15842.0141.0057012.1131.083982.1171.2430.06480.0703rs301−0.079\*\*\*\*0.0014T/C13672.1421.1248781.9310.9021331.8250.828\<0.00010.6622rs316−0.058\*\*0.0112C/A18522.0761.0684951.9650.935361.6690.7570.00360.6508rs328−0.081\*\*\*0.0036G/C18892.0921.0814671.8700.830261.9401.0460.00010.7598rs100991600.0030.0063A/C14062.0481.0218392.0301.0641342.1441.0860.86510.5542rs32890.113\*\*0.0000A/G22552.0351.0321232.2211.10643.5681.6360.00370.0915rs13702−0.063\*\*\*\*0.0035T/C12122.1441.1439841.9540.9081841.8940.891\<0.00010.4602rs4921684−0.043\*0.0079C/T17302.0721.0685982.0010.966531.7560.8250.01900.8673rs21970890.037\*\*0.0023A/G6951.9620.94111752.0601.0575092.1341.1200.00480.7497[^1]

Model selection methods {#s2a}
-----------------------

The SNPs considered were not completely independent of each other, with LD ranging from an *r*^2^ value of 3.53 × 10^−7^ to 0.74 ([Supplementary Material, Fig. S1](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)), and so the respective *P*-values for their association with TG would also be non-independent. A model using all of the SNPs as explanatory variables will account for the between-SNP associations, but would also lead to overfitting. To find the smallest set of SNPs accounting for the association of the *LPL* with TG, we used a number of criteria of fit, with both stepwise and best-subset methods. Table [3](#DDQ308TB3){ref-type="table"} shows all the criteria used and the SNPs in the best model in each case. As expected, from all the possible models, the Bayesian information criterion (BIC) chose the simplest model with only rs301, whereas the Akaike information criterion, Mallows Cp and a Cross-validation scheme all selected a model containing five SNPs: rs17410577, rs264, rs268, rs301 and rs3289, all significant in the univariate analysis. Other criteria used were the residual mean square, which left out of the best model SNPs rs17410577 and rs264, and the adjusted *R*^2^ measure, which was the most permissive, allowing, in addition to the previous five SNPs, rs10099160 which is non-significant in the univariate analysis. A rank of *P*-values is also shown in Table [3](#DDQ308TB3){ref-type="table"}, with only the top-ranking SNP (rs301) found in all selected models, while the second-ranking SNP is in four and the third-ranking SNP in none of the six selected best models. Stepwise regression using AIC stopped at the same five-SNP model as the best-subset method, whereas when a *P*-value of 0.1 was used as a cut-off for removal from the model, the stepwise regression chose an alternative five-SNP model with rs17410577, rs268, rs301, rs10099160 and rs3289. Table 3.Comparison of different model selection approaches. All the methods and criteria used to select SNPs most likely to be tightly associated with a functional variantSNP rs numberMean of logarithm of TG for additive model^a^Rank of *P*-valueAdj. *R*^2^Mallows CpRMSAICBICCross-validationStepwise regression using AICStepwise regression using *P* = 0.1rs174105770.0103\*9××××0.1303990.015rs15346490.232219rs37797880.0001\*\*\*4rs70165290.0395\*13rs11219230.666520rs2480.0469\*15rs2490.302017rs2530.0129\*12rs264\<0.0001\*\*\*\*2××××0.069453rs2680.0045\*\*6×××××0.0057540.005rs2700.209016rs2830.064814rs301\<0.0001\*\*\*\*1××××××0.004087\<0.001rs3160.0036\*\*8rs3280.0001\*\*\*5rs100991600.865118×0.060rs32890.0037\*\*7×××××0.0161880.020rs13702\<0.0001\*\*\*\*3rs49216840.0190\*11rs21970890.0048\*\*10[^2][^3]

Haplotype approaches {#s2b}
--------------------

For the 20 SNPs, 242 haplotypes were identified (2^20^ possible) of which 21 were present at a frequency higher than 1% capturing 87.1% of the population, and with just 4 above 5% accounting for only 52.9% of haplotypic variability. To capture 90% of all the haplotypes, 26 were needed with a minimum frequency of 0.52%, whereas for 99% coverage, 101 haplotypes were required with a minimum relative frequency of 0.021% ([Supplementary Material, Table S3](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)). Using the frequency cut-off of 1%, three haplotypes had TG levels significantly lower than those of the most common haplotype in the population, with a single haplotype being associated with higher TG levels, when additivity of haplotypes was assumed ([Supplementary Material, Table S4](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)). Aligning the five haplotypes SNP by SNP as shown in [Supplementary Material, Table S5](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1), we can see that eight SNPs were common in all haplotypes making them unlikely to be responsible for the lowering of TG observed. It is expected that functional variants, or SNPs in LD with them, will be the same in the three lowering haplotypes and differ between them and the most common and raising haplotypes. Three SNPs---rs301, rs13702 and rs2197089---followed this pattern, with the LD *r*^2^ ranging from 0.23 to 0.33 between them. For the TG-raising haplotype, only SNP rs17410577 was consistent with the phenotypic change ([Supplementary Material, Table S5](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)).

We repeated the entire haplotype procedure including only the five SNPs (rs17410577, rs264, rs268, rs301 and rs3289) chosen by the model selection step described earlier. Twenty haplotypes were found, 7 with a frequency of more than 1% accounting for 98.2% of the population ([Supplementary Material, Table S6](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)). Three haplotypes were found to have statistically different TG levels from the most common haplotype, 2 of them associated with lower and 1 with higher TG levels ([Supplementary Material, Table S7](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)). Again, aligning the haplotypes revealed that rs301 was consistent with the pattern of the lowering haplotypes, whereas, in contrast to what was seen earlier, the rs268 SNP was now characterizing the haplotype of higher TG levels ([Supplementary Material, Table S8](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)).

Using the 21 common haplotypes obtained for all 20 *LPL* SNPs, we constructed a haplotypic tree showing their sequence relatedness ([Supplementary Material, Fig. S2](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)). Using TreeScan, all the branches were tested for association with TG levels. After 10 000 simulations using the analysis of variance tests, the only evidence for association with the phenotype was the change between Haplotype (Hap)10 (10th most common haplotype) and the node between Hap11 and Hap9, with a permutational *P*-value (after monotonicity is enforced) of 0.053. This branch of the tree was associated with the change of the SNP rs301 ([Supplementary Material, Fig. S2](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)). We repeated the tree inference and analysis using only the five SNPs selected earlier, and the results are presented in Figure [1](#DDQ308F1){ref-type="fig"}. The tree has a very pronounced loop between Hap1, Hap3, Hap4 and Hap5. For the benefit of analysis, we assumed that common haplotypes were giving rise to haplotypes of smaller frequency. Thus, the two possible alternatives of the tree is either a cut of the loop between Hap4 and Hap5 or between Hap5 and Hap1. Testing both alternatives, we found that there were three branches associated with TG levels. The strongest association (*P* \< 0.0001) was between Hap1 and Hap3 because of a change in the rs301 SNP. The branches between Hap3 and Hap4 (*P* = 0.0010), and between Hap1 and Hap7 (*P* = 0.0310) due to SNPs rs264 and rs268, respectively, were also significantly associated with the phenotype. Figure 1.Haplotypic tree for five selected SNPs. Haplotypes are ordered by frequency with Hap1 the most common. Numbers on branches stand for the specific SNP change between the haplotypes with SNP 1 rs17410577, SNP 2 rs264, SNP 3 rs268, SNP 4 rs301 and SNP 5 rs3289. When each change in the tree was tested for association with TG, the changes between Hap1 and Hap7, Hap1 and Hap3, and Hap3 and Hap4 were found to be statistically significant.

Association of minimal SNP set with other lipid traits {#s2c}
------------------------------------------------------

To explore the effect of the selected set of *LPL* SNPs on other CHD traits, the association of both the SNPs and their haplotypes was examined. As shown in [Supplementary Material, Table S9](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1), in addition to TG, *LPL* was also associated with changes in HDL-cholesterol (HDL-C) levels, though with more modest effects. Apolipoprotein (apo) AI and apo B also showed signals of association with *LPL* with three and one SNPs, respectively, although, owing to the number of tests performed and the *P*-values obtained, these associations do not permit safe conclusions to be drawn for these associations. Using the haplotypes of the five SNPs of the reduced model to test for association with other lipid markers, we found that haplotype 4 was associated with an increase in both ApoAI and HDL-C levels when compared with the most common haplotype ([Supplementary Material, Table S10](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)).

Selection of putative SNPs that marks functional variants {#s2d}
---------------------------------------------------------

From the statistical tests of best model selection, five SNPs were deemed as the most likely candidates: rs17410577, rs264, rs268, rs301 and rs3289. These five SNPs as well as rs10099160 (selected from the *R*^2^ criterion), rs13702 and rs2197089 (suggested from the haplotypic association) were examined for functionality. SNPs in high LD with these eight SNPs (*r*^2^ \> 0.8) were identified from the Genome Variation Server database (<http://gvs-p.gs.washington.edu/GVS/>). A total of 23 SNPs were selected from the original eight, and the LD between the SNPs is shown in [Supplementary Material, Figure S3](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1).

Functional assessment of *LPL* SNPs {#s2e}
-----------------------------------

To investigate the effect of the putative functional *LPL* SNPs on DNA-binding proteins, EMSAs were performed using probes of ∼30 bp sequences that encompassed the common or rare variant of each of the 23 SNPs. Nuclear extracts from Huh7 (human liver cell line) and human smooth muscle cells were used in the assays to include a wide range of possible DNA-binding proteins that may be involved in *LPL* regulation. Initial EMSA analysis revealed potential binding differences between eight wild-type and variant alleles (rs17410577, rs268, rs327, rs326, rs331, rs3289, rs3208305 and rs2197089; Fig. [2](#DDQ308F2){ref-type="fig"}) using the Huh7 cell line, and all these were followed-up for further analysis. Using nuclear extract from human smooth muscle cells did not provide any further allele-specific bands to those found using the Huh7 cell line (data not shown). The probes that did not bind any proteins by EMSAs, or those that the common and rare variants were bound by the same intensity, and therefore likely to bind outside the SNP location, were rejected from further analysis. The relative location of SNPs examined and those that showed allele-specific protein binding are shown in [Supplementary Material, Figure S4](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1). Figure 2.Representative EMSA binding using probes surrounding SNPs associated with TG levels. Red arrows indicate the presence of an allele-specific DNA--protein complex: (**A**) rs17410577; (**B**) rs268; (**C**) rs326; (**D**) rs327; (**E**) rs331; (**F**) rs3289; (**G**) rs3208305; (**H**) rs2197089.

Luciferase reporter assays {#s2f}
--------------------------

To determine the possible transcriptional effect that the transcription factor (TF)-binding sites identified by EMSAs may be having on *LPL* expression, a luciferase reporter system was created, whereby the *LPL* promoter (from −724 to +39) was inserted upstream of luciferase, and 100 bp sequences encompassing each SNP allele were individually placed downstream of the SV40 late poly(A) signal for the *luc+* reporter, and therefore able to act as an enhancer for gene expression ([Supplementary Material, Fig. S5](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)). No SNPs located in the *LPL* promoter itself were identified by statistical analysis, and so inserting SNP sequences directly upstream of luciferase was not appropriate in this model.

Transfection of *LPL* constructs was carried out in Huh7 and smooth muscle cells, using a *Renilla*-containing vector to control for transfection efficiency. Figure [3](#DDQ308F3){ref-type="fig"}A and B shows expression levels in Huh7 and smooth muscle cells, respectively, relative to expression of the pGL3 basic vector containing the *LPL* promoter only. In Huh7 cells, expression from rs327 G construct was 1.7-fold higher than that from the rs327 T construct (*P* \< 0.001). Expression from the rs3289 C construct was 1.6-fold higher than that from the rs3289 T construct (*P* \< 0.01). There were no other significant differences in reporter expression between alleles. The differences in expression were not observed when transfected into human smooth muscle cells, indicating that the enhancer/silencer elements are likely to be tissue-specific, as is the case with the majority of distal regulatory elements. Figure 3.Results of luciferase reporter assay showing relative expression of LPL-luciferase-enhancer constructs relative to the LPL-luciferase construct (promoter only). (**A**) Transfection of a Huh7 cell line. Significant differences in expression are seen in rs327, where expression from the G allele is 1.7 times that of the T allele. Similarly, in rs3289, expression from the C allele is 1.6 times that shown of the T allele. (**B**) Transfection of a smooth muscle vascular cell line. There were no significant differences in expression between alleles for this cell line.

MC-EMSA and supershift assay {#s2g}
----------------------------

To identify the TFs involved in binding to the *LPL* variants, which also conferred differential expression in luciferase reporter assays, competition assays were carried out using MC-EMSAs ([@DDQ308C15]). In this procedure, excess unlabelled competitor dsDNA consensus sequences for well-characterized TFs were multiplexed and included in the EMSA-binding reaction. Elimination of the bandshift for a particular set of TFs is caused by the sequestration of the causal TF by the unlabelled competitor probe. When used on the sequence containing the rs327 T allele, one set of MC sequences eliminated the bandshift (Fig. [4](#DDQ308F4){ref-type="fig"}A). When individual competitors from this set were examined in a further EMSA (data not shown), this indicated that the additional band produced by rs327 T compared with G was due to a FOXA family TF. A supershift assay confirmed this to be FOXA2 (Fig. [4](#DDQ308F4){ref-type="fig"}B). Similarly, MC-EMSAs suggested that the additional bands produced by rs3289 T were from a heterodimer of TFs, CREB-binding protein (CBP) and CCAAT displacement protein (CDP) (Fig. [4](#DDQ308F4){ref-type="fig"}C--E), although without a clear supershift this could not be conclusively proved. Figure 4.(**A**) MC-EMSA using cocktails of unlabelled DNA competitors to 70 well-characterized DNA-binding proteins, using the rs327 T allele probe and Huh7 nuclear extract. The final column of multiplexed competitors prevents binding of rs327 T DNA to the protein. (**B**) Supershift EMSA on rs327 T probe. The single competitors from the final column in 7(a) were run individually in a further EMSA, showing FOXA competitor resulted in competition (data not shown). To confirm FOXA binding, a supershift assay was carried out using an antibody to FOXA2. Lane 1 represents the shift produced by the FOXA2--DNA interaction, lane 2 includes unlabelled consensus DNA for FOXA competition, lane 3 demonstrates a supershift with the addition of a FOXA2 monoclonal antibody, confirming binding of FOXA2. (**C**) MC-EMSA using cocktails of unlabelled DNA competitors to 70 well-characterized DNA-binding proteins, using the rs3289 C allele probe and Huh7 nuclear extract. The first column of multiplexed competitors prevents binding of rs3289 C DNA to the protein. (**D**) The single competitors from the first column in 7(c) were run individually in a further EMSA, showing both CBP and CDP competitors resulted in competition. (**E**) Supershift against rs3289 C allele probe using antibodies for CBP, CDP and FOXA2 (as a negative control). Addition of antibody to CBP results in the elimination of bands 1, 3 and 4. Addition of antibody to CDP results in the elimination of band 4. A supershift is not observed, possibly due to hindrance from heterodimeric binding.

DISCUSSION {#s3}
==========

Using 20 dense tSNPs for *LDL*, we identified a smaller subset of SNPs likely to be associated with DNA changes affecting TG levels. The selection was based on best-subset and stepwise regression techniques using a number of criteria of fit together with an analysis of haplotypes both before and after model selection. These SNPs, in addition to SNPs in strong LD with them, were investigated further in functional studies. We performed an EMSA for each SNP and those that showed differential binding were subsequently cloned into a reporter construct to study their effect on expression. We identified two SNPs that showed novel functionality, through a mechanism affecting gene expression. Finally, we identified the binding TF using MC-EMSA and supershift EMSA methodologies.

In terms of the statistical analyses, in the supplementary section we have presented a detailed walkthrough of a number of alternative approaches for the analysis of genotypic data in association studies. We showed that a power transformation is better in achieving a distribution close to the normal than the logarithmic transformation commonly used. Nevertheless, we chose to present the latter, because effect size measures on a logarithmic scale have an intuitive meaning of multiplication, which the more complex power transformation is unable to convey. We also presented both a longitudinal model through all multiple measurements of TG as well as a much simpler model where the mean TG levels over 6 years was used as the response variable. Again, a trade-off between simplicity and accuracy was evident. The longitudinal model is better suited for the available data but it lacks the user-friendliness of the simple model. In this case, the choice between them does not change our conclusions; thus simplicity was favoured. Similarly, the more elaborate genotypic model, making no assumption for the dominance between the two alleles, is usually a better approximation of the truth, since only rarely will the heterozygous trait mean level be situated exactly between the two homozygotes, as is the assumption of the additive model, though the genotypic model will have a degree of freedom more than the corresponding additive model, lowering the power of the test. We tested the dominance deviation for all the SNPs and we found that only one of the SNPs showed significant deviation from additivity, thus making the use of the assumption-free model unnecessary, although, as a general rule, we suggest that both models are considered initially.

Model selection {#s3a}
---------------

It is evident that model selection is an important tool in distinguishing overlapping genetic effects when dense SNPs are considered. With most of the criteria used, we ended up with the same or similar subset of SNPs. SNPs rs3289, identified as functional, and rs301, in strong LD with the functional SNP rs327, were in all selected models, except BIC which selected only rs301. In contrast, we were unable to find any functional change associated with SNP rs268, which was also considered a very good candidate and had similar statistical evidence with the other two. It is difficult to say which criterion of fit is the most appropriate for all cases but we can see that, at least in our case, BIC was the most conservative. Cross-validation, Mallows Cp and AIC are identical but AIC is the easiest of the three to calculate and has been implemented in a wide range of statistical packages. However, the commonly used method of considering the importance of SNPs based on their *P*-values was not supported from our results, with the first and seventh ranked SNPs found to be associated with changes of *LPL* transcription. We are currently working on a simulation study to assess the efficiency of each selection criterion in different scenarios of LD and the number of functional SNPs.

Model selection also benefited the analysis of haplotypes. Excluding SNPs not selected as contributing to the fit of the model decreased the noise associated with haplotypic analysis. In this case, the analysis of haplotypes was used as a means of identifying potentially interesting SNPs when the pattern of common lineage was accounted for rather than a test of association for a single extended haplotype. The use of haplotypic trees gave another level of information for the haplotypes, both in terms of the relationship between them, sometimes in evolutionary terms, as well as on the effect of SNPs in a context-dependent manner, as seen in the TreeScan method. We also explored the idea of using the inferred haplotypes and their respective trees as tools for finding SNPs associated with functional changes. Although we were able to identify rs301 in both cases, this method severely penalizes rare SNPs, and more work is required before we can claim that it is a successful method for further refinement of association signals. If rare functional SNPs in and around *LPL* are contributing to a significant extent to the association of the gene with TG levels, then rare haplotypes sharing the same lineage might prove informative, as outlined recently in a modelling paper ([@DDQ308C16]). In this study, we considered HapMap CEU SNPs with frequencies higher than 4%, thus limiting our ability to identify truly rare polymorphisms, which would require re-sequencing of many subjects for a comprehensive analysis.

Functional assays of identified SNPs {#s3b}
------------------------------------

Once the SNPs in strong LD with the tSNPs associated with TG levels were identified, a simple procedure to examine functionality of a large subset of SNPs was required. As the SNPs were present almost exclusively in non-coding regions, there was a high likelihood that a functional SNP would be effecting gene regulation. As a regulatory SNP would necessarily alter DNA-binding properties, EMSA analysis was the most appropriate and simplest tool to measure this possibility. Chromatin immunoprecipitation would be another potential tool, with the advantage of being an *in vivo* approach, but this procedure requires prior knowledge of the DNA-binding proteins involved. Once EMSAs had identified allele-specific differences in affinity for DNA-binding proteins, expression differences were then examined. Luciferase reporter assays were carried out, using the *LPL* promoter driving luciferase, with the potential regulatory alleles acting as an enhancer element.

The strongest statistical association with TG levels was with the tSNP rs301. One SNP in strong LD with this SNP, rs327, also affected expression levels in an enhancer-based luciferase construct driven by the *LPL* promoter. In this scenario, the T allele resulted in decreased expression and appears to act as a distal transcriptional silencer. An alternative explanation is that there is a transcription silencer nearby, but not including rs327, and the G allele is acting as a classical enhancer. Using MC-EMSAs, followed by supershift assay demonstrated strong binding of FOXA2 to the T allele, but no binding to the G allele. FOXA2 (previously known as hepatic nuclear factor-3β) is a member of the forkhead class of DNA-binding proteins, which acts as a transcriptional activator of liver-specific genes, and can also interact with chromatin. The *LPL* promoter has been well-characterized, and a study by Enerbäck *et al*. ([@DDQ308C17]) has previously identified two elements in the promoter with DNA-binding properties similar to those of the forkhead family of TFs. These elements were able to confer differentiation-linked expression *in vitro* in a system that mimicked LPL expression during adipocyte differentiation. A similar system may be working at this intronic enhancer, where the T allele, but not the G allele, of rs327 may affect the differentiation-linked LPL expression. Another explanation could lie with the involvement of FOXA2 in chromatin remodelling. The FOXA proteins are able to open highly compacted chromatin *in vitro* through a process that does not involve the SWI/SNF chromatin remodelling complex and likely occurs through the ability of the FOXA proteins to bind the core histones H3 and H4 ([@DDQ308C18]). Binding of the T allele to FOXA2 may facilitate an open chromatin structure surrounding intron 8/9, facilitating further access of DNA-binding proteins that may act as a complex transcriptional silencer. Indeed, analysis of chromatin signatures indicates the presence of a regulatory region surrounding rs327. A study into genome-wide histone methylation profiles identified an H3K4me1 (histone H3 monomethyl K4) profile surrounding rs327 ([Supplementary Material, Fig. S6](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)A and B) ([@DDQ308C19]). This signature is often found downstream of transcription start sites and is associated with enhancer/silencer elements. Another genome-wide study examined nuclease-accessible sites in CD34+/− cells, which, in strong concordance with the H3K4me1 profile, demonstrates such a site in this region ([Supplementary Material, Fig. S6](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)A and B) ([@DDQ308C20]). Together, these data add weight to the likelihood of this being an important regulatory region and the possibility that rs327 is an important SNP in *LPL* regulation.

The '*Hin*dIII' polymorphism (rs320), also in strong LD with rs301, has been associated with TG levels in a number of studies ([@DDQ308C10]). A study by Chen *et al*. ([@DDQ308C21]) examined the functionality of this SNP, and EMSA analysis demonstrated the binding of TATA-binding protein to both alleles, with a marginally higher affinity to the common allele. This was complemented by a reporter assay, whereby the entire intron 8 sequence with either rs320 T or G was cloned downstream of the *LPL* promoter (1537 bp), driving luciferase expression. The authors found higher luciferase expression with the T allele construct. We, however, found no allelic difference in DNA binding to rs320 and did not pursue this SNP further. The model used for the reporter assay by Chen *et al*. ([@DDQ308C21]) was for a promoter, rather than an enhancer. As the SNP is located \>22 kb downstream of the transcription start site, any functional effect is likely to be through long-range interactions and acting as an enhancer/silencer element.

Another SNP which showed both differential expression and TF-binding in an enhancer construct was rs3289. Although rare (minor allele frequency \< 0.05), this variant provides an additional, independent functional SNP that may regulate LPL levels. EMSA-based analysis indicated binding of both CBP and CDP to the T allele but not the C allele. CDP acts as a transcriptional repressor by binding to unique nucleotide sequence elements and is also involved in the regulation of gene transcription through nuclear matrix attachment ([@DDQ308C22]). CBP is a transcription co-activator, having acetyltransferase activity with its binding partners. A study by Li *et al*. ([@DDQ308C23]) demonstrated that CDP interacts with CBP, and the transcriptional repression is regulated by acetylation of specific lysine residues near the homeodomain of CDP ([@DDQ308C23]). This mechanism may explain the reduced transcriptional activity of the construct containing the rs3289 T allele.

A recent study using the Cardiometabolic Illumina chip ([@DDQ308C24]), encompassing 50 000 SNPs focusing on candidate genes for cardiovascular disease ([@DDQ308C25]), included both rs327 and rs3289. There are 74 SNPs on the CVD chip in and around the *LPL* locus with 31 of them significant at the 10^−5^ cut-off point. Of the 20 SNPs we analysed, 17 were also included in the HumanCVD BeadChip (rs248, rs283 and rs4921648 only in NPHSII data) with 7 significant in both studies (rs253, rs264, rs301, rs328, rs3289, rs13702 and rs2197089). After variable selection, only rs3289 was common in the best model in both studies, consistent with our conclusion that this is a functional SNP. In contrast, rs327, although present in the second study, was dropped from the best model and two SNPs in high LD with it were included (rs331: *r*^2^ = 0.949;rs3916027: *r*^2^ = 0.899). We are unsure if the exclusion of rs327 was due to chance and the inherent uncertainty of best model selection, or it signifies that an as yet undiscovered SNP is responsible for the improvement of rs331 and rs3916027 fit beyond that of rs327. Interestingly, the well-characterized stop codon rs328 SNP, although significant in the univariate analysis of both the present study (*P* = 0.0001) and the HumanCVD study (*P* = 8.4 × 10^−10^), was not selected in the best model for either of them. In our data, rs328 is no longer informative when the rs301 SNP is included in the best model, with rs301 in high LD with our functional candidate SNP rs327 (*r*^2^ = 0.94). This raises the possibility that rs328, at least in Caucasians, might not itself be a functional locus, but in LD with one or more causal variants. This is further supported by the work of Deo *et al*. ([@DDQ308C26]), which used admixture mapping in an African American sample from the Jackson Heart Study. They concluded that, in European-derived populations, rs328 is not itself the major causal variant but a marker for it, because of its effect size showing a statistically significant dependence on local ancestral background. Our candidate functional SNP, rs327, although above the statistical significance cut-off level of 0.0006 (*P* = 7.8 × 10^−4^), had a consistent effect in all subpopulations tested, more so than the rs10096633 SNP suggested by the authors as a possible functional variant. Unfortunately, the majority of studies, although identifying more than one statistical significant signal in the *LPL* gene ([@DDQ308C5]--[@DDQ308C9],[@DDQ308C27]), as we do, do not perform model selection or conditional *P*-value analysis in the locus in order to find which SNP is more closely associated with the functional variant. In the case of Tang *et al*. ([@DDQ308C28]), conditional analysis of rs326 and rs13702 using rs328 as a covariate suggested that their effect is beyond what is explained by the stop codon rs328, with rs326 in high LD with our functional candidate rs327 SNP. Imputation of the SNPs previously identified as important or likely functional (rs10096633 ([@DDQ308C5]), rs12678919 ([@DDQ308C6]), rs17482753 ([@DDQ308C7]), rs320 ([@DDQ308C10]), rs328 ([@DDQ308C14])), and subsequent conditional analysis with the SNPs we identified ([Supplementary Material, Table S11](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)) revealed that rs327 can, to some degree, account for the association observed with the previously reported SNPs, suggesting that although these are significant in a univariate analysis, and are unlikely to be functional.

Limitations {#s3c}
-----------

Our current use of the methodology described here, and tested on the *LPL* association with TG levels, has a number of limitations. TG level is a distant phenotype compared to LPL activity or mass, and other factors might also be involved in the regulation of this association; in contrast, to the measurements of the immediate protein levels, TG has the advantage of showing effects owing to both changes in expression and protein function. We cannot claim that the results presented describe a comprehensive analysis of the *LPL* locus. The identification of tSNPs and SNPs in LD with the ones we considered as most likely linked to a functional variantwas done predominantly through the use of HapMap. Our coverage of the area relies on the completeness of the data ([@DDQ308C29]), and thus more, yet undiscovered, causal common variants might still exist in and around *LPL*. The 1000 Genomes Project (<http://www.1000genomes.org/>) and the increasing use of re-sequencing will significantly enhance our ability to test all the variations in a locus, including rare SNPs. In our case, further information was lost because of the failure in genotyping some of the tSNPs, using 20 of the original 27 considered. As with all *in vitro* models for *in vivo* processes, DNA--protein interactions *in vitro* may not fully represent those occurring *in vivo*, particularly where chromatin structure and epigenetics may play an additional and important role. Furthermore, there may be tissue-specific TFs involved in LPL expression that are not represented either in the liver or smooth muscle cells used in this study. The luciferase reporter assay is a crude model to demonstrate regulatory potential of DNA sequences, and although currently the only technique to measure allelic expression differences *in vitro*, suffers mostly from limitations of insert size and no consideration of chromatin structure, which may be one of the major influences on gene expression.

Conclusions {#s3d}
-----------

We described a process of statistical analysis and experimental follow-up aimed to identify candidate functional SNPs in and around *LPL*. Two novel SNPs were shown to affect regulation of *LPL in vitro* and these were in LD with SNPs identified as being associated with levels of TG in a sample of middle-aged healthy men. We believe that the same process can be used to easily, and cost-effectively, determine potential functional variants in a number of genes shown to be associated with intermediate phenotypes or disease. More specifically, the cost of re-sequencing long stretches of DNA is becoming more and more affordable. This will provide us with a wealth of information never seen before but will also present new challenges. Signals of association are going to be clustered in areas of LD that can extend to great distances away from the gene. Moreover, any independent signals of association within the cluster are going to be difficult to distinguish. The proposed procedures offer an efficient method in identifying the most important SNPs and scanning their most closely linked SNPs to identify candidate functional variants.

MATERIALS AND METHODS {#s4}
=====================

Study design and phenotypic measures {#s4a}
------------------------------------

The Northwick Park Heart Study II (NPHS-II) is a prospective study of 3012 healthy middle-aged men aged 50--64 years at recruitment, sampled from nine UK general practices between 1989 and 1994 ([@DDQ308C30]). They were free from disease at the time of recruitment, and information on lifestyle habits, height, weight and blood pressure were recorded at baseline and on subsequent prospective follow-up. Venepuncture was performed in the morning, and participants had been requested to take only a light breakfast. Baseline measures of cholesterol, TG and apolipoproteins AI and B were made using standard assays ([@DDQ308C31]) with up to five subsequent annually repeated measurements of total cholesterol and TG. HDL-C was measured directly in samples taken at year 4 ([@DDQ308C31]). A DNA repository was established using samples from 2775 participants obtained at the time of recruitment. Full details of recruitment, measurements, follow-up and definitions of incident disease have been reported elsewhere ([@DDQ308C30]).

Genotyping {#s4b}
----------

A customized Illumina 768 SNP genotyping array was assembled to capture common genetic variation in more than 76 genes ([@DDQ308C32]) including the gene for LPL. We selected 27 tSNPs using the Haploview implementation of Tagger on HapMap data, applying a pairwise *r*^2^ threshold of 0.8 with a minor allelic frequency threshold of 0.04. Another five (c)SNPs were previously genotyped, with three also in the new array and one in LD with them. Of the 27 SNPs included in the array, 22 were successfully genotyped, with the rest either failing the final quality control or failing genotyping altogether.

Statistical analysis {#s4c}
--------------------

TG levels were transformed using a logarithmic transformation (see [Supplementary Material](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1) for a power transformation approach). The multiple measurements of TG, in baseline and five annual visits, were analysed using the mean of all six measurements adjusting for age and practice centre in STATA (version 10, STATA Corporation; see [Supplementary Material](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1) for a longitudinal mixed-effect model). In terms of dominance between the two SNP alleles, we used an additive model, where the heterozygous effect is expected to be exactly between the two homozygotes (the genotypic model is described in the [Supplementary Material](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)). The subset of SNPs providing the best fit to the data, among all the possible models, was selected using a number of criteria in R (<http://www.r-project.org/>, 2.9.0). Haplotypes consisting of all the *LPL* SNPs were inferred using Phase ([@DDQ308C33]). TG levels of haplotypes with a relative frequency of more than 1% were compared with that of the most common haplotype using 300 random draws from the posterior distributions of the haplotypes as computed by Phase. Each imputed data set was then tested separately, and the results were summarized using Rubin\'s rule ([@DDQ308C34]) in Stata with *mim* ([@DDQ308C35]). Those showing significant differences were aligned and the SNPs identifying haplotypes with lower or higher levels of TG were found. Using TCS ([@DDQ308C36]), we constructed an unrouted network of haplotypes showing the relationships between the sequences. The haplotypic tree obtained was used to search for phenotype--genotype associations with TreeScan ([@DDQ308C37]). Throughout, we use a rather permissive cut-off point of 0.05. This is done to reflect our prior knowledge of the effect of *LPL* on TG levels and the fact that our aim was not to discover signals of association but to identify the most likely SNPs of functional variation. Imputation of additional SNPs was done using MACH 1.0.16 (<http://www.sph.umich.edu/csg/abecasis/MACH/index.html>) and data from the full data set of HapMap phase 1 and 2 (<http://hapmap.ncbi.nlm.nih.gov/>).

SNPs in high LD with those identified as potentially interesting tSNPs (*r* \> 0.8) were obtained from the Genome Variation Server database (<http://gvs-p.gs.washington.edu/GVS/>) using the combined LD derived from the CELERA Collection of 653 Caucasian individuals from CEPH pedigrees, CELERA Collection of 30 unrelated Caucasian individuals and 252 genotypes from Utah residents with Northern and Western European ancestry from the CEPH collection.

Cell culture and plasmid preparation {#s4d}
------------------------------------

Huh7 cells (HPACC, Porton Down, UK) were maintained in high-glucose Dulbecco\'s modified Eagle\'s medium (PAA, Yeovil, UK) supplemented with 2 m[m]{.smallcaps} [l]{.smallcaps}-glutamine (PAA) and 10% fetal bovine serum (FBS) (PAA) at 37°C, 5% CO~2~. Human smooth muscle cells (Lonza, Porrino, Spain) were cultured in SmGM-2 Smooth Muscle Growth Medium-2 (Clonetics), containing 5% FBS.

The *LPL* promoter (−724 to +39 relative to the transcription start site) was amplified using standard PCR methods, and ligated into the linearized p*GL3* basic vector using the *Acc*651 and *Hin*dIII sites. The integrity of the construct was verified by sequencing. To add the putative regulatory elements surrounding the SNPs of interest, oligonucleotides were designed with the addition of *Bam*HI restriction sites at the 5′- and 3′-ends, and PCR amplification of common and rare homozygous individuals performed (oligos and PCR parameters are available upon request). The PCR products were digested with *Bam*HI and ligated into the *Bam*HI-linearized *LPL*--p*GL3* vector, downstream of the SV40 late poly(A) signal. All sequences used in plasmid construction are available upon request.

Electrophoretic mobility shift assay {#s4e}
------------------------------------

Nuclear extracts were obtained from Huh7 cells and smooth muscle cells using the NE-PER Nuclear and Cytoplasmic Extraction Reagents Kit (Pierce) as described in the manual, with the addition of Complete Protease Inhibitor (Roche) to buffers CER I and NER I. EMSA probes were designed with ∼15 bp each side of the candidate SNPs (probe sequences are available upon request). Probes were labelled using the Biotin 3′-end DNA Labelling Kit (Pierce) as described in the manual. Each binding reaction consisted of 2 µl of 10X binding buffer (100 m[m]{.smallcaps} Tris, 500 m[m]{.smallcaps} KCl; pH 7.5), 1 µg of p\[dI-dC\], 5 µg of nuclear extract, 200 fmol of biotin-labelled DNA, made to a total of 20 µl with H~2~O and incubated at 25°C for 30 min, followed by the addition of 5X loading buffer. Samples were loaded onto a 6% polyacrylamide gel and electrophoresed for 150 min at 120 V at 4°C. Transfer to positively charged nylon membrane was achieved through Southern transfer, and detection using the Chemiluminescent Nucleic Acid Detection Module (Pierce).

Luciferase reporter assay {#s4f}
-------------------------

Huh7 cells were seeded at a density of 2.5 × 10^4^ per well in a 96-well plate format, and smooth muscle cells at a density of 1.5 × 10^4^ per well and grown to confluence overnight in the appropriate media (described above). Cells were transfected with 200 ng of pGL3 reporter construct with 10 ng of pRLTK as a transfection control. Transfection was carried out in Opti-Mem serum-free media (Sigma) using Lipofectamine 2000 (Invitrogen) as described in the manual. Media was replaced 8 h following transfection, with serum-containing media described above, and the cells left for 2 days before harvesting. Cells were lysed using Passive Lysis Buffer (Promega), and luciferase expression was determined using the Dual-Luciferase Reporter Assay System (Promega) and measured using a Tropix TR717 Microplate Luminometer (PE Applied Biosystems). Luciferase assays were carried out in triplicate, and the mean relative expression differences between alleles were determined by *t*-test. Three clones for each allele were examined to ensure reproducibility.

TF identification {#s4g}
-----------------

Identification of DNA-binding proteins was carried out using MC-EMSAs, as previously described ([@DDQ308C15]). In brief, 100X unlabelled DNA competitors to 70 well-characterized DNA-binding proteins were added to the binding reaction described above, using arrays of 10 competitors per reaction, with a 30-min incubation on ice prior to the addition of labelled probe. Where a band shift was eliminated by multiplexed competition, the 10 individual competitors from the relevant array were run separately in a further EMSA. For verification of DNA-binding factor, 1 µg of monoclonal antibody (FOXA2, CDP and CBP; Abcam, UK) was used in place of the DNA competitor to create a supershift.

SUPPLEMENTARY MATERIAL {#s5}
======================

[Supplementary Material is available at *HMG* online.](http://hmg.oxfordjournals.org/cgi/content/full/ddq308/DC1)
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